Antigen receptor variable region genes are assembled from germline variable (V), diversity (D), and joining (J) gene segments. This process requires expression of V(D)J recombinase activity, and "accessibility" of variable gene segments to this recombinase. The exact mechanism by which variable gene segments become accessible during development is not known. However, several studies have shown that cis-acting elements that regulate transcription may also function to regulate accessibility. Here we review the evidence that transcriptional promoters, enhancers, and silencers are involved in regulation of accessibility. The manner in which these elements may combine to regulate accessibility is addressed. In addition, current and potential strategies for identifying and analyzing cis-acting elements that mediate locus accessibility are discussed.
INTRODUCTION
The genes that encode the variable region of antigen receptors are assembled during early lymphocyte development from germline variable (V), diversity (D), and joining (J) gene segments. Both immunoglobulin (Ig) and T cell receptor 459 0732-0582/96/0410-0459$08.00 (TCR) variable region genes are assembled by an activity common to B and T cells referred to as V(D)J recombinase. The tissue-specific components of this recombinase are encoded by the recombinase activating genes (RAG) 1 and 2 (1) . Assembly of Ig and TCR variable region gene segments is regulated in a tissue-, lineage-, and stage-specific fashion. Given that the V(D)J recombinase is common to B and T cells, direction of its activity during development must be regulated by the ability of given loci to serve as substrates for the recombinase, a concept referred to as "accessibility" (2, 3) . The close correlation between transcriptional activation of germline variable region gene segments and recombination of these segments has led to the notion that cis-acting transcriptional regulatory elements may be involved, either directly or indirectly, in regulating accessibility. Antigen receptor gene assembly and accessibility control have been discussed in depth in recent reviews, and readers are referred to these for a more general discussion of particular aspects of these topics (2) (3) (4) . In this review we focus on analyses of V(D)J recombination substrates in which putative cis-acting regulatory elements have been incorporated, and on gene targeted mutational analyses in which such elements are altered in the endogenous Ig or TCR loci. We also discuss the advantages and limitations of these approaches, and the need to identify additional types of elements involved in accessibility control.
V(D)J RECOMBINATION AND ACCESSIBILITY CONTROL

Overview of the Mechanism of V(D)J Recombination
Variable region gene segments are flanked by conserved recombination signal sequences (RSS), which consist of a heptamer, a spacer of 12 or 23 bp, and a characteristic AT-rich nonamer (5) . In brief, the V(D)J recombination reaction involves recognition of the participating RSS, introduction of a double strand break (DSB) between the coding portion and RSS of two participating gene segments, and the subsequent precise joining of the RSS and the usually imprecise joining of the coding sequences (which may involve addition or deletion of nucleotides). The cis-acting RSS, which are conserved between Ig and TCR genes, are required and sufficient to target the common V(D)J recombinase to the adjacent coding segments (6, 7) . While the RSS seem unlikely to be involved in mediating accessibility, they are clearly involved in directing the V(D)J recombination reaction. Variable gene segments capable of being joined efficiently must be flanked, respectively, by RSS with 12 and 23 base pair spacers (12/23 rule) (8) . This joining specificity limits the types of accessible gene segments that may join with one another. Moreover, the nucleotide sequence composition of the RSS or proximal coding sequences may affect the ability of individual variable region gene segments to recombine (9) (10) (11) . Such sequence variation within a given accessible locus has been argued to be involved in determining the rearrangement frequency of certain variable region gene segments and the predilection for inversional vs deletional recombination of Ig heavy chain (HC) D segments (9, 11 , and references within). V(D)J recombination requires prelymphocyte-specific activities, which provide specificity in the initiation of the reaction by introduction of specific DSBs, and more generally expressed activities that appear to function in joining the broken ends. The products of RAG 1 and 2 appear to be the only required prelymphocyte-specific components of the V(D)J recombinase (1) . Simultaneous expression of transfected RAG 1 and 2 genes is sufficient to generate V(D)J recombinase activity in all tested nonlymphoid mammalian cell lines. Furthermore, mice deficient in either gene product are blocked in early B and T cell development due to failure to initiate V(D)J recombination (12, 13) . Recent in vitro studies suggest that RAG proteins are specific V(D)J recombinase components that function to recognize RSS and introduce DSBs (14) . Therefore, accessibility control in vivo must direct the specific recognition and cutting activities of RAG 1 and 2 to desired sets of RSS. Potential mechanisms that may facilitate interaction of RAG proteins with particular RSS once a locus is accessible remain to be elucidated. In particular, it will be of interest to determine whether additional proteins interact with RAG proteins and cis-acting sequences, thereby targeting recombinase activity to appropriate loci.
The V(D)J recombination reaction also appears to employ generally expressed components. Analyses of severe combined immunodeficient (SCID) mice and of radiosensitive hamster cell lines have led to the identification of several ubiquitiously expressed proteins that may function to repair DSBs introduced during the V(D)J recombination reaction (15) . One of these, the DNA-PK complex, is composed of three subunits including the DNA end-binding components, Ku70 and Ku80, and the catalytic domain DNA-PKcs. Cell lines deficient in Ku80 or DNA-PKcs exhibit defects in general DSB repair and are similarly defective in repairing the DSBs generated in V(D)J recombination. Additional components of the V(D)J recombinase remain to be identified but would likely include, among many others, ligases, polymerases, and perhaps factors involved in mediating initial accessibility. It is unlikely that the currently defined proteins involved in the V(D)J recombination reaction are directly involved in mediating locus accessibility. However, variations in their expression levels may influence this process, for example, by influencing the ability of cells to complete the reaction once initiated.
Regulation of Antigen Receptor Gene Assembly During Lymphocyte Development
Lymphocyte development is a complex, ordered process regulated by the progressive assembly and expression of antigen receptor genes in appropriate lymphoid cell types. It is believed that this ordered process evolved, at least in part, to facilitate regulation of variable region gene assembly and expression. Such regulation ensures that V(D)J recombinase-mediated rearrangements occur only in appropriate cell types and loci, and the regulation helps to ensure the specificity of the immune response. Antigen receptor gene assembly occurs only in lymphoid cells. As the RAG 1 and 2 genes (and as a result V(D)J recombinase activity) are expressed almost exclusively in early B and T cells, their limited expression can be considered the major factor in this restriction. However, even if RAG 1 and 2 gene expression did occur in nonlymphoid cells, it is unlikely that there would be any significant level of endogenous antigen receptor gene segment rearrangement due to lack of accessibility. In this context, expression of transfected RAG 1 and 2 in nonlymphoid cells leads to rearrangement of artificially accessible recombination substrates but does not appear to lead to rearrangement of endogenous antigen receptor loci (1). Thus, antigen receptor genes appear to be entirely "closed" in nonlymphoid cells and are "opened" only in particular subsets of developing lymphocytes. Within the T and B cell lineages, complete assembly of TCR genes occurs only in T cells, and complete assembly of Ig genes occurs only in B cells. This restriction appears to occur primarily at the V-to-DJ rearrangement step as Ig HC D-to-J rearrangements can occur in T cells (16 and references within).
Within a given lymphoid lineage, the V(D)J recombination process is stage specific and can be allelically excluded. In B cells, Ig HC variable region genes are usually assembled prior to those of Ig light chain (LC) genes. Furthermore, assembly of Ig HC variable region genes occurs in an ordered sequence with D H -to-J H rearrangements preceding V H -to-DJ H rearrangements. Expression of an Ig Hµ chain gene from a productive V H DJ H rearrangement appears to generate a signal that halts V H -to-DJ H rearrangement of the other Ig HC allele, a process that is likely important in effecting HC allelic exclusion. This signal may also facilitate the onset of Ig LC V-to-J joining, although it is not yet clear if this is a direct effect or an indirect effect due to progression along the differentiation pathway (4) . With respect to Ig LC genes, κ variable region genes are usually assembled prior to λ variable region genes, either through a specifically regulated mechanism, or due to stochastic competition mechanisms in which the κ locus is a better overall substrate for recombination than the λ locus (17) (18) (19) . Once an Ig LC is paired with an Ig HC to generate a complete Ig molecule, further assembly of LC variable region genes is halted, a process that may ensure LC allelic and isotype exclusion. The latter process may involve both a downregulation in V(D)J recombinase expression and a decreased accessibility of the LC variable region genes. TCR genes appear to follow an analogously ordered program of rearrangement and expression. For example, TCRβ variable region genes are assembled by sequential D β -to-J β and V β -to-DJ β rearrangements, and they are expressed prior to assembly of TCRα chain variable region genes from component V α and J α segments (20) . Expression of a TCRβ chain results in signals that allellically exclude the other TCRβ allele by inhibiting the V β -to-DJ β -rearrangement step while leading to the rearrangement of TCRα loci (21, 22, 22a) . As with lineage specificity, allelic exclusion of the TCRβ and Ig HC loci appears to occur at the V-to-DJ step of rearrangement. The nature of the sequences that regulate V-to-DJ rearrangement remains largely unexplored.
In summary, expression of a common V(D)J recombinase is activated early in lymphocyte differentiation and is then directed to rearrange certain gene loci or portions of these loci, to stop rearranging these loci, and then to begin rearranging additional loci. These precisely regulated steps must be due primarily to the differential accessibility of the particular loci to the common V(D)J recombinase. During prelymphocyte development, changes in accessibility appear to be regulated, at least in part, by signals generated as a result of the expression of individual chains of antigen receptors. None of these control processes appears absolute. Ig LC rearrangement has been observed in the absence of Ig HC gene expression, and TCRα rearrangement has been observed in the absence of TCRβ expression (3). Likewise, exceptions to allelically excluded rearrangement have been noted. Whether these represent background in the system, the existence of other developmental rearrangement programs, or both remains to be determined.
Correlates of Accessibility in Endogenous Loci
The mechanisms by which antigen receptor loci are made accessible to the V(D)J recombinase activity are not known. However, transcriptional activation, chromatin structure, and methylation may be involved in this process. Transcriptional activation is associated with changes in chromatin structure in endogenous loci (23) . Similarly, changes in chromatin structure, as measured by DNase I hypersensitivity, have been associated with variable gene segments of endogenous loci and chromosomally integrated recombination substrates that are undergoing recombination (24, 25) . However, it is unclear to what extent changes in chromatin are required for, or are a result of, recombinational accessibility.
Modification of genes by methylation of CpG islands affects transcriptional activity (26). The exact mechanism by which this occurs is not known but may involve inhibition of binding of trans-acting factors to methylated regions of DNA. Studies employing recombination substrates show a direct correlation between hypomethylation and accessibility to the V(D)J recombinase (27, 28) . Although this correlation is intriguing, it is unclear whether hypomethylation is required for or is the result of making the locus accessible to the V(D)J recombinase. A single study indicates that recombination is blocked if substrates are methylated prior to introduction into a cell line that has V(D)J recombinase activity (29). However, the extrachromosomal recombination substrates employed in this study may be under different accessibility constraints than are integrated substrates or endogenous loci. Although it remains unclear whether hypomethylation is required for accessibility to the V(D)J recombinase, at least in some contexts hypomethylation per se is not sufficient for this process (30). In addition, methylation affects chromatin configuration; therefore, it is difficult to determine an effect of methylation independent of chromatin configuration (29, 31).
Active transcription of germline antigen receptor loci occurs at a time when these loci are undergoing recombination (3) . Germline transcripts initiate upstream of the Ig HCµ constant (C) region gene and upstream of the J H proximal DQ52 gene segment when the Ig HC locus is undergoing rearrangement (30, 32, 33). Transcription initiates from the J κ -C κ locus at the time of κ LC rearrangement (34). Likewise, germline transcripts have been observed from variable region gene segments coincident with their rearrangement (35-38). The best example of this is the TCRγ locus, where activation of V segment germline transcription is tightly correlated with the ordered rearrangement of these segments during development (35). Allelic exclusion of TCRβ rearrangement by an lck or TCRβ chain transgene is associated with a decrease in V β germline transcription (39). Although the association between germline transcription and V(D)J recombination potential is quite compelling, the significance of these transcripts in this process is not currently known. Transcription could be required for, or could be a result of, an accessible locus. Germline transcripts also could be translated into proteins that regulate accessibility for subsequent steps of rearrangement (32, 40). Although possibly required, transcription initiated from V and D gene segments per se is not sufficient for rearrangement of these segments (41, 42).
The correlation between transcriptional activation and rearrangement of variable gene segments during development has led to the notion that elements regulating transcription may also regulate V(D)J recombination. At the simplest level eucaryotic gene transcription is regulated by cis-acting promoter and enhancer elements (43). Transcriptional promoters are regions that lie immediately upstream of genes and serve as initiation sites for transcription by mediating attachment of the transcription complex. Promoter elements function in a distance-and orientation-dependent manner. Enhancer elements augment the level of transcription initiated from promoters. The exact mechanism by which they achieve this is unclear; however, they appear to be able to function in an orientation-independent manner over large distances. Transcriptional regulation of antigen receptor loci by promoters and enhancers exhibits tissue, lineage, and stage specificity, and these elements serve as likely candidates for the similar regulation of variable gene recombination (44-53). Although transcriptional activation may be an important mechanism by which these elements mediate accessibility, the inability of transcription per se to result in recombination implies that additional processes may be regulated by these elements. These processes may include changes in methylation status or chromatin structure independent of transcriptional regulation (54).
EXPERIMENTAL SYSTEMS FOR STUDYING ACCESSIBILITY
Overview of Approaches
Recombination of germline antigen receptor variable gene segments requires expression of the common V(D)J recombinase and accessibility of the target RSS to the recombinase. Maintenance of accessibility of loci undergoing rearrangement, and inaccessibility of loci not undergoing rearrangement, is important in the developmental regulation of variable gene assembly. Experiments designed to evaluate cis-acting elements that regulate accessibility have focused primarily on transcriptional enhancers, with some analyses of the role of promoters and silencers. Recombination substrates with putative regulatory elements have been analyzed either as transgenes or in cell lines that express V(D)J recombinase activity. In addition, endogenous loci have been analyzed in which cis-acting elements have been deleted by gene targeting.
V(D)J Recombination Substrates
Both extrachromosomal and chromosomally integrated recombination substrates have been assayed for V(D)J recombination potential. However, chromosomally introduced substrates are more likely to have accessibility constraints similar to those of endogenous genes; accordingly, most accessibility analyses have used integrated substrates. A V(D)J recombination substrate requires a minimum of two RSS with 12 and 23 bp spacers required for recognition by the V(D)J recombinase. However, many stably introduced substrates have been large in size and have included one or more V, D, and J gene segment(s) and a C region gene (55) (56) (57) (58) (59) (60) (61) . Putative regulatory elements have been manipulated in such substrates, and the effects on V(D)J recombination determined. Although analysis of V(D)J recombination by this approach has provided much useful information, results of these studies can be confounded by a variety of potential nonphysiologic regulatory effects due to integration site, copy number, and proximity of plasmid DNA (62) . Such effects may be limited in future studies by employing strategies that ensure single copy integration, deletion of plasmid DNA, limitation of local DNA effects by the use of insulators, or by further increasing the size of substrates (63).
Cell Transfection Studies
Cell culture analyses of V(D)J recombination have employed cell lines with constitutive V(D)J recombinase activity (25, 55, 64, 65 (67) . In addition, in such cell lines, it is often difficult to determine whether recombination of substrates occurs prior to or after integration into the genome. This is an important point as accessibility of integrated vs extrachromosomal substrates likely displays different regulatory constraints. To circumvent some of these problems, RAG 1 and 2 genes under the control of the heat shock promoter have been stably integrated into a B cell lymphoma line (65) . Heat shock of these cells, termed DR37 cells, resulted in a transient increase in the levels of RAG 1 and 2 expression and the coincident induction of V(D)J recombinase activity. Thus, unrearranged substrates can be integrated into the DR37 line prior to V(D)J recombinase induction and their rearrangement potential assayed subsequent to induction (65) . Recombination substrates introduced into the DR37 cell line have exhibited a clear dependence on enhancer elements for V(D)J recombinational accessibility (65) . In particular, an enhancerless TCRβ recombination substrate stably transfected into this cell line failed to undergo V(D)J recombination subsequent to induction (65) . However, insertion of the Ig HC intronic enhancer, Ig LC κ intronic enhancer, and the simian virus 40 enhancer into the same substrate promoted its rearrangement in this system, indicating that even nonlymphoid enhancer elements can promote V(D)J recombinational accessibility (65) . However, only a small percentage of the integrated substrates underwent rearrangement in these analyses; assuming uniform induction of V(D)J recombinase activity in all cells of the population, this finding indicates that the recombination substrates tested either lack important cis-acting elements or that the DR37 cell line lacks trans-acting factors necessary for optimal substrate accessibility. Investigation into these two possibilities may lead to additional insights into the regulation of accessibility.
V(D)J recombinase inducible cell lines that represent stages of early B and T cell development will be needed to expand the utility of the cell transfection approach for studying stage-specific factors that regulate accessibility. In this regard, novel temperature sensitive A-MuLV-transformed pre-B cell lines in which V(D)J recombinase is upregulated at the nonpermissive temperature have been described (68) . At the permissive temperature, the virus inhibits RAG expression and Ig LC κ rearrangement. At the nonpermissive temperature RAG levels are upregulated and κ LC rearrangement is observed. Accessibility of endogenous loci and introduced recombination substrates could be analyzed in such lines.
Analysis of Transgenic Recombination Substrates
Constructs stably introduced into cell lines have exhibited different requirements for cis-acting transcriptional regulators when compared to analysis of these same constructs as transgenes (69) (70) (71) . Among other things, these differing requirements may be due to modifications such as gene methylation occurring during development (72) . Unlike substrates in cell lines, transgenic recombination substrates should be subject to developmental modifications and to the effects of developmentally regulated trans-acting factors. In particular, transgenic substrates are present in the precise cell type of interest and therefore should be exposed to normal levels of V(D)J recombination activity. However, interpretation of these studies still can be complicated by the nonphysiologic effects of integration site and copy number.
Several transgenic substrates have exhibited a clear dependence on enhancer elements for accessibility to the V(D)J recombinase. The Ig HC intronic enhancer, Ig LC κ intronic enhancer, and the TCRα and β enhancers are capable of mediating accessibility of a TCRβ transgenic recombination substrate (41, 56, 73) . The TCRδ and α enhancers are capable of mediating accessibility of a human TCRδ transgenic recombination substrate (60, 74) . The chicken Ig LC λ enhancer mediates accessibility of a chicken Ig LC λ transgene (58) , and the rabbit Ig LC κ intronic enhancer mediates accessibility of a rabbit Ig LC κ transgene (57) . The inability of most of these transgenes to undergo efficient recombination in the absence of enhancer elements underscores the importance of enhancers in mediating accessibility (56) (57) (58) ). An interesting exception to this enhancer dependency occurs in a human TCRδ transgene (60) . The first rearrangement step (V-to-D) of this transgene occurs in the absence of the defined enhancer element. This may represent an exception to the general requirement for enhancer elements. Alternatively, another enhancer element may be present in this substrate that mediates V-to-D rearrangement without allowing for subsequent VD-to-J rearrangement. The possible role of multiple enhancer elements in mediating locus accessibility is discussed below.
Preliminary evidence from transgene studies has suggested that enhancer elements may be responsible for dictating the stage specificity of V(D)J recombination. Recombination of the endogenous TCRα locus occurs at a later developmental stage than does recombination of the TCRβ, γ , and δ loci (20) . TCRβ or TCRδ transgenes with a TCRα enhancer also rearrange later in development than do the same transgenes with the TCRβ or TCRδ enhancer, respectively (73, 74) . Additional work, including targeted replacement of enhancer elements in endogenous loci, will be required to clearly establish the role of enhancer elements in mediating stage-specific control of recombination and to identify other elements that may modify their action.
Some transgenic recombination substrates also exhibit lineage-specific control, and they therefore are likely to contain cis-acting elements responsible for this control (27, 41, 56, 60, 73, 75) . Among these, the lineage-specific steps are best characterized for the TCRβ and TCRδ transgenes (41, 56, 60, 73) . In the TCRβ locus, D-to-J rearrangement occurs prior to V-to-DJ rearrangement. Conversely, in the TCRδ locus V-to-D rearrangement occurs prior to VD-to-J rearrangement. In both cases lineage-specific regulation of recombination appears to be exerted at the final recombination step. The TCRβ transgene undergoes D-to-J rearrangement in B and T cells and Vto-DJ rearrangement only in T cells; the TCRδ transgene undergoes V-to-D rearrangement in B and T cells, and VD-to-J rearrangement only in T cells (41, 56, 60, 73) . The cis-acting elements capable of imparting lineage specificity have not yet been identified. However, the TCRβ transgenic recombination substrate undergoes complete V(D)J rearrangement exclusively in T cells when the Ig HC intronic enhancer, TCRβ enhancer, or TCRα enhancer are incorporated into the substrate, suggesting that these enhancer elements cannot independently impart lineage specificity (41, 56, 73) . TCRβ transgenic recombination substrates that appear to undergo allelic exclusion in the presence of a rearranged TCRβ transgene have been described (59, 61) . In the future, these substrates should serve as useful reagents to identify cis-acting elements involved in allelic exclusion.
Analysis of transgenic recombination substrates has suggested that transcriptional promoters and silencers may also be involved in regulating accessibility of these substrates. In promoter elements, mutation of the octamer region abolishes the ability of these elements to initiate transcription (45). Recombination of a chicken Ig LC λ transgene depends on the integrity of the V gene segment promoter (58) . Compared to mice with the wild-type transgenes, V-to-J rearrangement was markedly diminished in the majority of mice containing a transgene with a mutated octamer site in the V segment promoter. The Ig LC λ transgene was not transcribed in either bone marrow or spleen cells of these mice. Transcriptional silencer elements are cis-acting elements that can inhibit transcription in a distance-and orientation-independent manner. Transcriptional silencer elements have been identified in the TCRα locus (76), the mouse Ig LC κ locus (77) , and the chicken Ig LC λ locus (58) . Deletion of the silencer in the chicken Ig LC λ transgene results in a fivefold increase in the level of rearrangement as compared to the wild-type transgene (58) . Transcription of this recombination substrate is also increased. Although these studies imply that promoter and silencer elements may regulate accessibility, further analysis will be required to clearly establish the role of these elements in this process.
Deletion of Elements in Endogenous Loci
Recombination substrate findings cannot unequivocally establish a role for enhancer elements in mediating accessibility of endogenous antigen receptor loci. Recently, direct evidence for such a role has come from application of gene targeting to the study of cis-acting elements (18, 22, 30, 78) . Gene targeting allows elements to be replaced, deleted, exchanged, or subtly mutated in the endogenous loci. Many of the initial gene targeting studies of cis-acting elements, while providing intriguing results, were hampered by possible nonphysiologic effects caused by the introduction of a constitutively expressed drug resistance gene. In these experiments, the role of the targeted element was often difficult to determine, because the introduced drug resistance gene could itself affect transcription and rearrangement of the targeted locus. Contrasting results obtained in the presence and absence of drug resistance genes have lent insight into the possible presence of additional elements (see below). However, these contrasting results also mandate deletion of inserted drug resistance genes before conclusions can be drawn about the function of deleted elements. For this reason, alternate strategies have been used to allow initial replacement of an element by a drug resistance gene, followed by the subsequent deletion of the drug resistance gene. One strategy, called hit-and-run targeting, involved design of a complicated targeting construct that would result in a clean deletion of the element of interest (78) . A more widely used approach utilizes the site specific cre recombinase and its loxP target sites, both originally isolated from phage P1 (79, 80) . Initially the cis-acting element is replaced by a drug resistance gene flanked by loxP sites. Subsequently, cre-mediated deletion of the drug resistance gene leaves a single loxP site in place of the targeted element. Replacement of enhancers with a neo r gene and/or with a loxP site has provided useful information about the role of enhancers in mediating accessibility of endogenous antigen receptor loci.
The Ig HC intronic enhancer (E µ ) lies between the J H gene segments and the C µ gene (46, 47) and is closely associated with two matrix attachment regions (MARs) (81) . In the following discussion, we do not distinguish the core E µ element from the core element plus the adjacent MAR sequences as both were mutated. Targeted mutation studies have definitively shown that E µ plays a role in regulating rearrangement of the HC locus. In one study, hit-and-run replacement of E µ with a short oligonucleotide resulted in slightly diminished D H -to-J H rearrangement (70% of normal) but more substantially inhibited V Hto-DJ H rearrangement of the targeted allele (78) . In a second study, replacement of E µ with a neomycin resistance (neo r ) gene resulted in a dramatic decrease in the ability of the J H locus to undergo recombination (30). Notably, insertion of the neo r gene upstream of E µ , without deletion of endogenous sequences, resulted in a similar cis-acting inhibition of J H rearrangement (30). Thus, the neo r resistance gene may be competing for the activity of additional elements responsible for regulating accessibility of the D H and J H gene segments. Similar findings have been made with respect to enhancer elements within the Ig LC κ locus (see below), and the locus control region (LCR) in the β-globin locus. Insertion of a neo r gene in the LCR blocks β-globin gene expression, possibly by outcompeting the endogenous globin promoters for the enhancer activity of the LCR (82) .
Three additional enhancers have been identified within the Ig HC locus (53, (83) (84) (85) . A fragment encompassing the J H proximal DQ52 segment and the region immediately 5 to DQ52 has promoter and enhancer activities in early B cells (83) . Given the location and activity of this element, it has been suggested that, prior to DJ H rearrangement, the DQ52 promoter/enhancer may compete more efficiently than upstream elements for interaction with E µ , conferring accessibility to the J H region. Any DJ H rearrangement not involving DQ52 itself would delete this element, thereby freeing E µ to interact with upstream regulatory elements that initiate V H -to-DJ H rearrangement. This proposed interaction between the DQ52 promoter/enhancer and E µ could be responsible for the ordered rearrangement observed in the Ig HC locus (D H -to-J H followed by V H -to-DJ H ) (83) . Two additional enhancer sequences have been shown to lie at the 3 end of the Ig HC locus. One of these is a weak enhancer that lies immediately downstream of Cα (84) . A much stronger enhancer (3 E H ) lies approximately 16 kb downstream of the Cα gene (53) . B cells in which a 5-kb region spanning the 3 E H was replaced with a neo r gene have defects in germline Ig HC constant region gene transcription and class switch recombination to certain Ig HC constant region genes that lie as much as 150 kb upstream of this region (86) . However, such mice show no major impairment in V(D)J recombination. These data imply that the 3 E H is not required for variable region gene assembly; however, in this analysis a decrease in efficiency of recombination would not be detected. Of note, it was speculated that the effects of the 3 E H replacement may have resulted from competition of the inserted neo r gene for additional enhancer elements of an LCR. In this context, a region encompassing as much as 20 kb downstream of the 3 E H contains additional enhancer elements and has been implicated as having LCR-like activities (85) . Such a region could be involved in long-range control of the accessibility of the Ig HC locus.
The IgL κ locus contains two defined enhancer elements. The intronic enhancer (iE κ ) lies between the J κ region and the C κ gene (87) (88) (89) . The iE κ element becomes transcriptionally active during the preB-to-B cell transition (50, 52, 90) . This stage specificity has been attributed to the presence of a 10-bp motif termed κB, that binds the NF-κB protein, itself constitutively active in mature B cells and plasma cells. The observation of high-level κ LC production in the S107 plasmacytoma line (52), which does not express NF-κB, led to the identification of a second enhancer element, the 3 κ LC enhancer (3 E κ ), which lies approximately 9-kb 3 of the C κ gene (91) . Various studies have suggested that 3 E κ , either alone or in synergy with the iE κ element, is important for high level expression of a rearranged kappa locus (91-97, and references within). While these studies left unclear the role of 3 E κ in early B cells, they suggested that 3 E κ , either alone or in combination with iE κ , is important for high level expression of a rearranged kappa locus.
Gene-targeted replacement of the iE κ (18) or iE κ and the 5 MAR (Y Xu, F Alt, D Baltimore, unpublished) with a neo r gene appears to block rearrangement of the J κ locus completely, whereas insertion of a neo r gene just downstream of iE κ reduces but does not completely inhibit rearrangement (18) . However, replacement of the iE κ and 5 MAR with a single loxP site diminishes but does not completely inhibit J κ rearrangements (Y Xu, F Alt, D Baltimore, unpublished). These data imply that the iE κ promotes J κ rearrangement but that additional elements, whose function is blocked by insertion of the neo r gene, also promote rearrangement in the absence of iE κ . Replacement of the 3 E κ with a neo r gene also results in a substantial inhibition of J κ rearrangement (J Gorman, F Alt, unpublished). It is not yet clear whether this effect is due to deletion of the 3 E κ element, competition for the activity of some other element required for J κ rearrangement, or some combination of these.
The TCRβ locus contains a single defined enhancer element (E β ), which is in the 3 region of the locus immediately upstream of V β 14 gene segment (98) . Deletion of E β leads to a marked decrease in rearrangement, indicating that this element has a major role in promoting accessibility of the TCRβ locus (J-C Bories, F Alt, unpublished; P Ferrier, personal communication). Furthermore, replacement of E β with E µ restores rearrangement (perhaps at reduced levels ) in T cells but does not lead to significant rearrangement of the locus in B cells, implying that other elements in the TCRβ locus may be involved in determining the lineage specificity of its rearrangement (J-C Bories, F Alt, unpublished). In another study, a large deletion/neo r gene replacement of the TCRβ region that removed the constant regions but retained E β also blocked V(D)J recombination in the locus. In this case, the inhibition could have resulted from effects of the inserted neo r gene on E β , deletion (or inhibition) of some unknown required element, or both (22) .
Future use of targeting strategies should be initially aimed at defining all of the elements involved in mediating locus accessibility. These will likely include combinations of transcriptional promoters, enhancers, and silencers in addition to novel elements that may or may not have a role in transcriptional regulation. Partial effects seen upon deletion of individual elements suggest that accessibility of antigen receptor gene loci is regulated by multiple elements. Therefore, understanding the regulation of accessibility of these loci will likely require the simultaneous deletion of multiple elements within a single locus. Experiments involving replacement of elements in one locus with similar elements of another locus may lend insight into stage and lineage-specific regulation of V(D)J recombination.
Studies of Trans-Acting Factors
Regulation of transcription is mediated in part by the interaction of trans-acting DNA-binding proteins with specific motifs in promoter and enhancer elements. Regulation of accessibility by enhancer elements likely involves similar interactions. Although enhancers are defined by their ability to augment the level of transcription initiated from promoter elements, dissection of motifs within enhancers has revealed a more complex regulation including both positive and negative components (99, 100) . Many of these motifs are present in the regulatory elements of disparate genes and bind to ubiquitous trans-acting DNA-binding proteins; yet, transcriptional regulation can be restricted in a tissue-, lineage-, and stage-specific manner. This has led to the notion of "combinatorial regulation" of transcription in which the net regulatory effect is due to a unique combination of relatively ubiquitous trans-acting DNA-binding proteins that interact with the regulatory elements of a specific gene (99, 100) .
Motifs within E µ that potentially bind to trans-acting DNA binding proteins have been mapped in detail (45, 100). A 220-bp region of E µ that defines the minimal region required for transcriptional activity was sufficient to mediate accessibility of a TCRβ recombination substrate in a V(D)J recombinase inducible B cell line (65) . In an attempt to address the role of individual binding motifs, several mutated forms of E µ have been analyzed in the transgenic TCRβ recombination substrate (42). The E-box motif, µE3, in conjunction with motifs upstream of µE3, appears to be essential for E µ -mediated accessibility to the V(D)J recombinase. In contrast to the role for the octamer site in promoter elements (58), the octamer site in E µ does not appear to be required for this enhancer to mediate accessibility (42). The κB motif of iE κ appears to be essential for the transcriptional activity of this enhancer (45). The κB motif is also necessary for optimal function of the iE κ in mediating accessibility of a TCRβ recombination substrate in a recombinase inducible cell line (100a). However, the κB motif is not sufficient to mediate accessibility of this substrate. Mutation of the c-Myb binding site or the core binding factor (CBF) site within the TCRδ enhancer also results in decreased recombination of a human TCRδ transgene (C Hernandez-Munain, P Lauzurica, M Krangel, personal communication) (101, 101a) . Additional work will be required in this area to define the roles of binding motifs in mediating accessibility.
Gene-targeted deletions of trans-acting factors that bind to specific motifs within enhancer and promoter elements have yielded much information about the roles of these proteins in lymphoid development. However, it has been difficult to use these studies to assign specific roles for these proteins, and their respective binding motifs, in regulating recombination. A detailed description of all of these studies is beyond the scope of this review. Therefore, we choose representative examples to illustrate the issues encountered with this approach. Disruption of the genes encoding the E2A (102, 103) or EBF (104) transcription factors results in a block in B cell development at a stage prior to Ig HC rearrangement. In each of these studies it is unclear if the failure to rearrange Ig HC genes is the cause of, or the result of, the developmental block. Mice deficient for Oct-2 (105) or NF-κB (106, 107) expression appear to display normal B cell development, including rearrangement of Ig HC and Ig LC genes. It is clear from these studies that Oct-2 and NF-κB are not absolutely required for Ig gene rearrangement. However, it remains possible that Oct-2 and NF-κB normally function to mediate accessibility and that in their absence redundant family members function in this capacity.
In conclusion, the functional promiscuity and redundancy exhibited by many families of DNA-binding proteins will make it difficult to apply targeting strategies to determine if these proteins are directly involved in mediating antigen receptor accessibility. An approach of directly analyzing motifs in elements in the endogenous locus could be problematic as deletions of entire elements, such as E µ or iE κ , reduce but do not ablate rearrangement of their associated loci. Once all of the essential elements required for accessibility of an endogenous loci have been identified, it may be possible to conceive of strategies to assay for the function of particular motifs within a given element. At present, analysis of recombination substrates containing enhancers with mutated motifs, while not clearly physiologically relevant, can provide initial information about how particular motifs may function in mediating V(D)J recombinational accessibility.
In Vitro Analysis of Accessibility
The initial steps of recombination can be carried out in vitro (14); further work may yield an in vitro system in which the entire reaction can be carried out. Of relevance, in vitro analyses have been used to study the regulation of initiation of transcription (108) . Such systems have been used to investigate the role of chromatin configuration in regulating accessibility to transcriptional machinery. As the initial steps of V(D)J recombination can now be carried out in vitro, it may be possible to extend this approach to analyses of the determinants of accessibility.
CONCLUSIONS AND FUTURE DIRECTIONS
Antigen receptor variable region gene assembly is a complex, developmentally regulated process that is under tissue-, lineage-, and stage-specific control, and it thus has many parallels with transcriptional control (44-53). Recombinational control is mediated by differential accessibility of antigen receptor loci to the V(D)J recombinase as dictated at least in part by cis-acting elements that function in transcriptional regulation of antigen receptor genes. Experiments employing recombination substrates and deletion of elements in endogenous loci have implicated transcriptional enhancers, promoters and silencers in the control of variable gene accessibility during development. The exact mechanism by which these elements mediate accessibility has not been determined. They may function to control accessibility by regulating transcription, altering chromatin structure, affecting gene methylation, and/or by recruiting components of the V(D)J recombinase.
The role of transcriptional enhancers in the regulation of V(D)J recombination has been analyzed in most detail. These analyses suggest that accessibility of antigen receptor loci may rely on the activity of multiple elements within a given locus. Multiple enhancer elements may functionally or physically interact to allow full accessibility of an entire locus or regions of a locus. Such a possibility is indicated by the finding that deletion of the E µ or iE κ diminishes but does not abolish rearrangement of the linked J loci (18, 30, 78 ; Y Xu, FW Alt, D Baltimore, unpublished). Particular enhancer elements also may function to allow for accessibility of different regions of given antigen receptor loci (e.g. V vs J regions), for example, allowing for regulation of V-to-DJ vs D-to-J rearrangement steps. Such regional control could be due to the division of antigen receptor loci into distinct regions of chromatin (a proposed function of MARs), and the presence of elements that regulate accessibility within each region. Alternatively, elements need not be physically contained within the regions they regulate, but rather they may regulate these regions from a distance. This may occur, for example, due to a requirement for a coupled interaction between a promoter and a distant enhancer via a trans-acting factor. Such interactions could be further regulated via competition mechanisms in which deletion of a particular cooperating element via a rearrangement event may allow a retained element to activate a more distal element in a different region. Such a general model has been proposed to explain the regulation of D-to-J H vs V H -to-DJ H rearrangement of the Ig HC locus (83) . The notion that cis-acting elements may interact to regulate accessibility is consistent with the manner in which these elements have been proposed to function in the regulation of transcription (43).
Although transcriptional enhancer elements appear to play an important role in mediating locus accessibility, other transcriptionally active elements, such as promoters and silencers, also appear to function in this regard. The mechanism by which transcriptional promoters and silencers regulate accessibility, either independently or in combination with enhancers, is not currently known. Several antigen receptor loci contain MARs and LCRs (81, 85, (109) (110) (111) (112) . MARs are AT rich regions that are defined by their ability to bind the nuclear matrix. Although the exact function of MARs is unclear, they have been hypothesized to demarcate regions of chromatin, and they can contain regions that undergo base unpairing, and regions that mediate binding of topoisomerase II (109, 113) . LCRs are defined by their ability to impart position independence and copy number dependence on expression of transgenes, and LCRs are thought to function by affecting chromatin structure over long distances (43). They may contain functionally distinct elements such as enhancers within their boundaries. LCRs are involved in the regulation of multigenic loci such as the β-globin locus (43). Regulatory elements within the locus may compete for interaction with enhancer components of the LCR (114) . Furthermore, the nature of this competition may change during development, resulting in altered expression of genes within the locus. In this context, insertion of a drug resistance gene into the LCR of the β-globin locus results in transcriptional inactivation of β-globin genes (82) .
Understanding the mechanism by which cis-acting elements regulate accessibility will require identification of all such elements within an antigen receptor locus and their systematic mutation alone and in various combinations. Such elements may include those that function in transcriptional regulation and/or mediate accessibility independent of transcriptional regulation. A potential example of the latter is an element in the Ig LC κ locus that has as yet no defined transcriptional activity but appears to be involved in regulating accessibility of the locus (115, 116) . Other approaches for identification of additional elements may include, for example, isolation of V(D)J recombination substrate regions that determine substrate accessibility. Elements can be identified by looking for distinct DNase 1 hypersensitivity sites that appear as regions of the loci become accessible to the V(D)J recombinase. In addition, potential novel elements can be identified by comparing antigen receptor gene sequences across species looking for noncoding regions that are highly conserved. Any strategy aimed at detection of novel elements involved in regulating accessibility will have to take into account the possible long-range effect of these elements. In this regard it has been demonstrated that replacement of the 3 E H with a neo r gene can interfere with accessibility to the switch recombinase of constant region genes at a distance of up to 150 kb (86) . This observation mandates that investigations aimed at identifying novel elements consider regions at great distances from the region being controlled.
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